Introduction. The risk of death after coronary revascularization is markedly higher for dialysis patients than for the general population and the cause is inadequately explained. We analyzed cause-specific mortality of dialysis patients after coronary revascularization. Methods. This was a retrospective analysis of dialysis patients hospitalized for first surgical coronary revascularization after renal replacement therapy initiation from 1 January 1999 to 31 December 2002. Patients were identified from the US Renal Data System database (n = 1 516 251) by the International Classification of Diseases, Ninth Edition, Clinical Modification code for coronary artery bypass (CAB) surgery (36.1×). Endpoints were deaths due to all causes, all cardiac causes, cardiac arrest or arrhythmia, myocardial infarction, infection and other causes. Causespecific mortality information was obtained from Centers for Medicare & Medicaid Services End-Stage Renal Disease Death Notification form (CMS 2746-U3). Results. For CAB patients (n = 5830), the all-cause mortality rate was 290 per 1000 patient-years and the rate for arrhythmically mediated deaths was 76 per 1000 patientyears. The largest cause of attributable mortality is cardiac arrest or arrhythmia, accounting for approximately onefourth of all-cause mortality. Conclusions. The risk of arrhythmically mediated death may contribute to poor long-term outcomes after coronary revascularization in dialysis patients. A treatment strategy employing coronary revascularization and other interventions to reduce the sudden cardiac death risk might improve long-term survival.
Introduction
The death rate for dialysis patients is extraordinarily high. The rate of all-cause mortality for US dialysis patients in 2004 was 230 deaths per 1000 patient-years [1] . Cardiac disease is the major cause of death, accounting for 43% of allcause mortality [1] . The single largest cause of death among dialysis patients is linked to arrhythmic mechanisms, with 62% of all cardiac deaths ascribed to cardiac arrest or arrhythmia [1] . Although the mortality hazard is markedly lower in the general population, the relative proportion of arrhythmically mediated deaths is qualitatively similar, as 63% of all cardiac deaths in the United States from 1989 to 1998 were reportedly due to sudden cardiac death [2] . Obstructive coronary artery disease is the most common cause of sudden cardiac death in the general population [3] , and myocardial revascularization is a primary therapy for the reduction of sudden cardiac death [3, 4] .
Dialysis patients are vulnerable to sudden cardiac death. Factors including obstructive coronary artery disease, left ventricular hypertrophy, electrolyte shifts and abnormal myocardial ultrastructure and function [5] [6] [7] have been implicated in the heightened risk of arrhythmically mediated death. The relative contribution of these individual factors to the overall hazard of sudden cardiac death is controversial; HEMO study data point to ischaemic heart disease as the single largest cause of sudden cardiac death [8, 9] . If ischaemic heart disease were indeed the largest cause of sudden cardiac death in dialysis patients, coronary revascularization should play a key role in reducing the hazard of arrhythmically mediated death.
We previously reported on long-term survival of US dialysis patients after percutaneous and surgical coronary revascularization procedures. Two-year mortality for dialysis patients who had their first coronary artery revascularization procedure in 1995 to 1998 was 52% after both percutaneous transluminal coronary angioplasty and coronary artery stenting, and 44% after coronary artery bypass (CAB) surgery [10] . In contrast, in the Bypass Angioplasty Revascularization Investigation (BARI) Study in the general population, 5-year mortality for patients with multivessel coronary artery disease was 13.7% after percutanueous transluminal coronary angioplasty (PTCA) and 11.7% after CAB. Even among the high-risk subset of BARI patients with diabetes mellitus, 5-year mortality was 34.5% after PTCA and 19.4% after CAB [11] . The risk of death after coronary revascularization is therefore markedly higher for dialysis patients compared with the general population, and the cause is not adequately explained.
The purpose of the present study was to analyze causespecific mortality of dialysis patients after coronary revascularization. We hypothesized that, in contrast to the general population of non-dialysis patients undergoing coronary revascularization, the hazard of arrhythmically mediated death may not be attenuated even among dialysis patients undergoing primary therapy for ischaemic heart disease. To reduce the potential confounding influence of inadequate or incomplete long-term coronary revascularization for the amelioration of myocardial ischaemia, we focus our analysis on patients receiving the 'best' (from a survival standpoint) long-term revascularization strategy for treatment of myocardial ischaemia: surgical coronary artery revascularization including the use of the internal mammary artery as a graft conduit [12] [13] [14] . Using the US Renal Data System (USRDS) database, we examined outcomes for chronic dialysis patients after surgical coronary revascularization (CAB).
Materials and methods
All data were derived from the USRDS. The accuracy of these data has been validated previously [15] . The study was a retrospective analysis of dialysis patients hospitalized for first coronary revascularization after renal replacement therapy initiation from 1 January 1999 to 31 December 2002. Patients were identified from the USRDS database (n = 1 516 251) by International Classification of Diseases, Ninth Edition, Clinical Modification code for CAB surgery (36.1×). Internal mammary graft use in CAB surgery was determined from codes 36.15 and 36. 16 . As the best surgical coronary revascularization outcomes in the general population are obtained with procedures that include use of internal mammary grafts [12] [13] [14] , we stratified our survival analysis by the use of internal mammary grafts. Thus, patients with internal mammary grafts are the primary focus, and an additional group of patients undergoing CAB without the use of internal mammary grafts was analyzed separately.
Eligible patients received renal replacement therapy for ≥90 days and were on dialysis for ≥60 days before revascularization. Patient demographic data included age, gender, race, renal diagnosis and prior end-stage renal disease (ESRD) duration.
Time to event was calculated from the time of coronary revascularization to censoring or endpoint. Study endpoints were deaths due to all causes, all cardiac causes, cardiac arrest or arrhythmia (i.e. 'arrhythmic mechanisms'), myocardial infarction, infection and other causes (not due to cardiac arrest or arrhythmia, myocardial infarction or infection). Cause-specific mortality information was obtained from the Centers for Medicare & Medicaid Services ESRD Death Notification form (CMS 2746-U3). Patients were censored at renal transplantation or loss to follow-up. The probability of mortality was estimated by the KaplanMeier method. Unadjusted cause-specific mortality rates were calculated for each group of interest.
Results
Among dialysis patients, 5830 underwent CAB surgery that included use of internal mammary grafts (Table 1) . Patients who underwent CAB surgery without the use of internal mammary grafts (n = 2919) were initially excluded from the analysis, but we provide additional survival data for the excluded group ( per 1000 patient-years ( Table 2 ). The corresponding rate for deaths attributable to arrhythmic mechanisms (cardiac arrest or arrhythmia identified as cause of death on form CMS-2746-U3) was 76 per 1000 patient-years, accounting for approximately one-fourth of all-cause deaths. Among patients undergoing CAB without the use of internal mammary artery grafting (IMG-), the all-cause mortality rate was 400 deaths per 1000 patient-years, and the mortality rate ascribed to arrhythmic mechanisms was 104 deaths per 1000 patient years. Table 3 summarizes the cause-specific event-free survival of patients after CAB including the use of internal mammary grafts. Figure 1 graphically displays the Kaplan-Meier estimates for the probability of all-cause and cause-specific mortality for CAB patients. There is an early peri-operative (<30 days) hazard of all-cause death.
Discussion
Our data indicate that the single largest cause of death among dialysis patients after surgical coronary revascularization is attributable to arrhythmic mechanisms. In this population of patients with ischaemic heart disease, treated with optimal surgical coronary revascularization (CAB including the use of internal mammary grafts), the probability of arrhythmically mediated death was not lower than that reported for the entire US dialysis population. In 2002, the 2-year probability of all-cause death was 40% and sudden cardiac death 14% in the prevalent US dialysis population [1] . In the present study, for dialysis patients receiving CAB surgery with internal mammary artery graft use, 2-year all-cause mortality was 43% and mortality attributed to arrhythmic mechanisms was 14%. Our data suggest that the persistent risk of arrhythmically mediated death is a major contributor to poor long-term outcomes after surgical coronary revascularization in dialysis patients.
Prior studies of coronary revascularization have suggested a reduction in sudden death after surgical coronary revascularization, but studies attempting to further analyze the potential additional benefit of defibrillators have yielded mixed results. Prior clinical trials [the Coronary Artery Surgery Study (CASS) and the European Coronary Surgery Study] [16, 17] indicate that the risk of sudden death is reduced after surgical coronary revascularization compared with medical therapy. In the Coronary Artery Bypass Graft Patch trial [18] , prophylactic defibrillator therapy in patients with impaired left ventricular systolic function did not further improve the outcome for patients receiving surgical coronary revascularization. This lack of detectible additional benefit with defibrillators is attributable to the significant reduction of sudden death after surgical coronary revascularization [19] . Makikallio et al. [4] reported in an observational study that myocardial revascularization is the treatment strategy associated with the greatest reduction in the risk of sudden cardiac death (compared with medical treatment with beta-blockers, aspirin, statins and angiotensin-converting enzyme inhibitor agents). In contrast, in the Antiarrhythmics versus Implantable Defibrillators registry [20] , the survival benefit of defibrillators was not attenuated by surgical coronary revascularization. In a retrospective analysis of patients receiving implantable cardioverter defibrillators, Brockes et al. [21] reported similar rates of delivered shocks and mortality in patients with and without coronary revascularization, implying that the risk of sudden death is not always nullified by coronary revascularization.
Prior publications on percutaneous and surgical coronary artery revascularization in the general population provide a frame of reference for the long-term risk of sudden cardiac death after coronary revascularization. Holmes et al. [22] , using the 1985 to 1986 National Heart, Lung, and Blood Institute Percutaneous Transluminal Coronary Angioplasty (NHLBI PTCA) Registry of 2127 patients, reported an overall 5-year cardiac mortality of 5.3%, noncardiac mortality of 4.8% and 5-year sudden death incidence of 2.0%. In the higher risk subset of patients with a history of congestive heart failure, 5-year cardiac mortality was 27.2%, noncardiac mortality 15.7% and the 5-year sudden death incidence 10.5%. In patients with severe concomitant noncardiac disease, 5-year cardiac mortality was 14.7%, noncardiac mortality 12.9% and 5-year sudden death incidence 3.2%. Finally, in a subset analysis of 951 patients receiving coronary revascularization (CAB surgery or percutaneous coronary intervention) before being enrolled in the Multicenter Automatic Defibrillator Implantation Trial II (MADIT-II), Goldenberg et al. [23] reported a significant time-dependent relationship of prior coronary revascularization and implantable cardioverter defibrillator benefit: 36% reduction in the all-cause mortality risk and 68% reduction in the sudden cardiac death risk in patients undergoing coronary revascularization more than 6 months before MADIT-II enrollment, but no benefit in patients enrolled within 6 months of coronary revascularization.
The magnitude of the sudden death risk in the CASS study is considerably lower than in our study. For the highest risk quartile in the CASS study, the 5-year incidence of sudden cardiac death was 16% for medically treated and 5% for surgically treated patients. In the entire study, there was nearly a threefold relative risk of sudden death in the medical group compared with the CAB surgery group [16] . In contrast, we report a 14% 2-year incidence of arrhythmically mediated death in dialysis patients after CAB surgery.
Our study is limited in several ways. The USRDS database consists of predominantly administrative data. Clinical data including coronary anatomy, left ventricular ejection fraction and anatomic adequacy of coronary revascularization cannot be determined from this source. Causespecific mortality is not based on adjudication, as would occur in a clinical trial, but from information obtained from the Centers for Medicare & Medicaid Services ESRD Death Notification form. Our definition of 'arrhythmically mediated death', obtained from the USRDS database, may not be identical to 'sudden death' or 'sudden cardiac death' reported in clinical trials. Our estimate of the frequency of arrhythmically mediated death (as an equivalent to sudden death), however, is likely to be accurate, as the proportion of mortality attributed to arrhythmic mechanisms in the US-RDS database (about 27%) is similar to the 25-26% sudden death (as a percentage of all-cause mortality) reported in the 4D [24] and HEMO [9] trials.
Our study does not provide any information on the potential benefits of surgical coronary revascularization in improving survival. It is plausible (but not studied) that our study patients who received coronary revascularization for the treatment of obstructive coronary artery disease could have had worse outcomes with a more conservative approach. We do not suggest that coronary revascularization in dialysis patients is not efficacious. Rather, a significant residual hazard of arrhythmically mediated death remains that is not nullified by coronary revascularization. Sudden cardiac death is a major manifestation of ischaemic heart disease [3] . Although myocardial ischaemia is likely a trigger for sudden cardiac death in dialysis patients, our data suggest that other mechanisms (such as left ventricular hypertrophy and myocardial fibrosis) may be paramount in the ESRD population [25] .
Coronary revascularization may be a particularly incomplete therapy for cardiac disease in ESRD patients, as a large untreated hazard of arrhythmic death may remain. In this special population, additional treatment strategies targeting the 'non-ischaemic' contributors to sudden cardiac death may be necessary.
